Antibiotic resistance in microbial communities reflects a combination of processes operating at different scales. The molecular mechanisms underlying antibiotic resistance are increasingly understood, but less is known about how these molecular events give rise to spatiotemporal behavior on longer length scales. In this work, we investigate the population dynamics of bacterial colonies comprised of drug-resistant and drug-sensitive cells undergoing range expansion under antibiotic stress. Using the opportunistic pathogen E. faecalis with plasmid-encoded (β -lactamase) resistance as a model system, we track colony expansion dynamics and visualize spatial pattern formation in fluorescently labeled populations exposed to ampicillin, a commonly-used β -lactam antibiotic. We find that the radial expansion rate of mixed communities is approximately constant over a wide range of drug concentrations and initial population compositions. Microscopic imaging of the final populations shows that resistance to ampicillin is cooperative, with sensitive cells surviving in the presence of resistant cells even at drug concentrations lethal to sensitive-only communities.
INTRODUCTION
Antibiotic resistance is increasingly viewed as a long-term threat to global health (1, 2) .
Thanks to decades of seminal breakthroughs in microbial genetics and molecular biology, the molecular-scale conduits of resistance are often well-understood (3), though the diversity and ubiquity of these defense systems paints a dauntingly complex picture of microbial adaptability. In addition, antibiotic resistance can reflect collective phenomena (4, 5, 6, 7, 8, 9, 10, 11, 12) , leading to microbial communities that are significantly more resilient than the individual constituent cells. As a result, there is a growing need to understand dynamics of resistance-and of microbial populations in general-across length scales.
In nature bacterial populations frequently exist as spatially structured populations called biofilms. Biofilms exhibit a fascinating array of spatiotemporal behavior borne from a combination of heterogeneity, competition, and collective dynamics across length scales (13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24) . Biofilms also contribute to a wide range of clinical complications, including infections of heart valves and surgical implants (25, 26) . Work over the last 20 years, in particular, has dramatically improved our understanding of spatial segregation, selection, cooperation, and genetic drift in expanding microbial communities (27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 24) .
These dynamics often reflect locally heterogeneous cell-cell interactions which lead to emergent behavior on longer length scales. During range expansions of bacterial colonies, the enhanced genetic drift at the growing front frequently gives rise to large spatial sectors of cells from a common lineage (28) , though range expansions can either maintain or decrease population diversity depending on the nature and scale of intercellular interactions (28, 34, 33, 39, 37) .
Despite an increasingly mature understanding of spatial dynamics in microbial communities, much of our knowledge of antibiotic resistance is derived from experiments in homogeneous (well-mixed) liquid cultures. However, numerous studies indicate that spatial heterogeneity in drug concentration can modulate the evolution of resistance (40, 41, 42, 43, 44, 45, 46) . More generally, spatial structure can play an important role in the presence of cooperative resistance mechanisms. When resistance is conferred by drug-targeting enzymes that reduce local antibiotic concentration, for example, the dynamics in even well-mixed communities can be complex and counterintuitive (6, 9, 47) . Spatial structure can enhance or inhibit these effective intracellular interactions, creating an environment where cooperation, competition, and evolutionary selection are potentially shaped by spatial constraints (48, 49, 50, 51, 52) .
Unfortunately, the length scales that determine cooperative resistance phenotypes are not well understood, in general, leading to a gap in our understanding of how interactions driven by resistance mechanisms shape the dynamics and evolution of bacterial populations.
In this work, we take a step towards closing this knowledge gap by probing the population dynamics of mixed bacterial colonies comprised of drug-resistant and drugsensitive cells undergoing range expansion under antibiotic stress. As a model system, we use E. faecalis, a Gram-positive opportunistic pathogen (53) that readily forms biofilms associated with clinical infections (54, 55, 56) . Specifically, we track colony expansion dynamics and visualize spatial pattern formation in fluorescently labeled populations exposed to ampicillin, a commonly-used β -lactam antibiotic. Populations are comprised of two strains mixed in varying proportions; one strain is sensitive to ampicillin, while the other is engineered to constitutively express plasmid-encoded β -lactamase, an enzyme which confers ampicillin resistance by hydrolyzing the drug's β -lactam ring (57, 58, 59) . Surprisingly, we find that the radial expansion rate of mixed communities is approximately constant over a wide range of drug concentrations and (initial) population compositions. Microscopic imaging of the final populations shows that resistance to ampicillin is cooperative, with sensitive cells surviving in the presence of resistant cells even at drug concentrations lethal to sensitive-only communities.
Furthermore, despite the relative invariance of expansion rate across conditions, the populations exhibit a diverse range of spatial segregation patterns, with both the spatial structure and the population composition depending on drug concentration, initial composition, and initial population size. Simple mathematical models indicate that the observed dynamics are consistent with global cooperation, and experiments 
RESULTS
To investigate the dynamics of E. faecalis populations exposed to β-lactams, we used a previously engineered drug resistant E. faecalis strain that contains a multicopy plasmid that constitutively expresses β-lactamase and also expresses a green (GFP-derived) fluorescent marker (Methods). Sensitive cells harbored a similar plasmid that lacks the β-lactamase insert and expresses a variant of RFP. We grew mixed populations containing sensitive and resistant cells on BHI-agar plates supplemented with various concentrations of antibiotic. We tracked colony growth for 6-7 days post-inoculation using a commercial document scanner, which allowed to us estimate radial expansion velocity and colony appearance time (60), and we then imaged the mixed population 
METHODS

Bacterial strains and growth conditions Experiments were performed with E.
faecalis strain OG1RF. Ampicillin resistant strains were engineered as described in (47) .
Briefly, we transformed (64) OG1RF with a modified version of the multicopy plasmid pBSU101, which was originally developed as a fluorescent reporter for Gram-positive bacteria (65) . The modified plasmid, named pBSU101-BFP-BL, expresses BFP (rather than GFP in the original plasmid) and also constitutively expresses β-lactamase driven by a native promoter isolated from the chromosome of clinical strain CH19 (58) . The β-lactamase gene and reporter are similar to those found in other isolates of enterococci and streptococci (57, 66) . Similarly, sensitive strains were transformed with a similar plasmid, pBSU101-DasherGFP, a pBSU101 derivative that lacks the β-lactamase insert and where eGFP is replaced by a brighter synthetic GFP (Dasher-GFP; ATUM ProteinPaintbox, https://www.atum.bio/). The reporter plasmids are described in detail in (67) . The plasmids also express a streptomycin resistance gene, and all media was therefore supplemented with streptomycin.
Antibiotics Antibiotics used in this study included Spectinomycin Sulfate (MP Biomedicals) and Ampicillin Sodium Salt (Fisher). Colony growth experiment Colony-growth experiments were conducted on 1%
agar plates with Brain-Heart Infusion media (Remel) at 36C. Plates were poured 1 day before inoculation and stored at -30C. Cells of both strains were grown at 36C overnight in liquid BHI and spectinomycin. On the day of inoculation on agar plates, the overnight culture was diluted in fresh media and spectinomycin, and was grown for 3 hrs to ensure that the cells are in the exponential phase. 1 mL of this diluted culture was spun down for 3 min at 6800 × g and re-suspended in 1 mL of NFW. The densities of such suspensions were measured and adjusted to OD 600 of 0.1 by adding or removing NFW as needed. Thereafter, the suspensions were mixed in the desired ratios and a droplet of volume 2 µ L was pipetted onto the agar plate. Image acquisition and analysis A commercial document scanner controlled by a computer program was used to take time series of images for several days (60).
These images were then processed and used to estimate the colony growth rate and appearance time using custom analysis scripts based in Fiji and Matlab. At the end of the expansion experiment (marked by no change in colony radius), the colonies were and different initial compositions (rows). For each condition, colonies were grown in the presence or absence of super-MIC AMP (1 mug/mL).
